To assess whether DNA repair gene variants influence the clinical behaviour of lung cancer we examined the impact of a comprehensive panel of 109 non-synonymous single-nucleotide polymorphisms (nsSNPs) in 50 DNA repair genes on overall survival (OS) in 700 lung cancer patients. Fifteen nsSNPs were associated with OS, significantly greater than that expected (P 5 0.04). SNPs associated with prognosis mapped primarily to two repair pathways-nucleotide excision repair (NER): ERCC5 D1104H (P 5 0.004); ERCC6 G399D (P 5 0.023), ERCC6 Q1413R (P 5 0.025), POLE (P 5 0.014) and base excision repair: APEX1 D148E (P 5 0.028); EXO1 E670G (P 5 0.007); POLB P242R (P 5 0.018). An increasing number of variant alleles in EXO1 was associated with a poorer prognosis [hazard ratio (HR) 5 1.24; P 5 0.0009]. A role for variation in NER and BRCA2/FA pathway genes as determinants of OS was provided by an analysis restricted to the 456 patients treated with platinum-based agents. Our data indicate that the pathway-based approach has the potential to generate prognostic markers of clinical outcome.
INTRODUCTION
Lung cancer is a major cause of cancer mortality worldwide, and in the UK it accounts for .33 000 cancer deaths each year (Cancer Research UK, http://www.cancerresearchuk.org/aboutcancer/statistics). While chemotherapy based on platinum regimens is the mainstay treatment for the disease, five-year survival rates from both small (SCLC) and non-small cell lung cancer (NSCLC) remain at only 15% (1) . Although the major prognostic determinant for lung cancer is stage at presentation there are differences in survival for patients with same-stage disease. More accurate assessment of prognosis should be helpful in deciding therapeutic options, opening up the possibility of patient-tailored decisions on drug selection. Detecting genes with prognostic relevance also has the potential to aid the identification of pathways that could be targeted for novel therapeutic interventions.
As a potential prognostic factor, the concept of germline variation imparting inter-individual variability in tumour development, progression and metastasis is receiving increasing attention (2) (3) (4) . Previous studies of lung cancer have generally only evaluated sequence changes in a very restricted number of genes (5-7) and the majority of purported associations remain unconfirmed. Furthermore, most searches have been formulated around the same candidate genes purported to be implicated in defining predisposition to the disease. It is entirely probable that genes in which variation plays a role in defining inter-individual disease expression will impact on the later stages of malignancy rather than on early events associated with inherited predisposition. Moreover, any polymorphic variants identified as having an impact on lung cancer prognosis may also influence the biology of other malignancies.
Based on our understanding of lung cancer biology, genes involved in DNA repair represent attractive candidates for lung cancer prognostic factors as inefficient DNA repair may promote cancer progression by supporting genetic instability and the development of more aggressive tumours (8, 9) . Furthermore, such variants may also exert an effect through modulating inter-individual response to treatment. For example, platinum compounds exert their effects through the formation # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org of DNA adducts (10) and the level of platinum-DNA adducts correlates with outcome (11, 12) , hence suboptimal DNA repair within the tumour may lead to the decreased removal of platinum-DNA adducts and therefore, increased response to platinum (13) .
Here, we have adopted a pathway-based approach to evaluate the impact of polymorphic variation in the DNA repair genes on lung cancer prognosis by analysing a comprehensive panel of 109 single-nucleotide polymorphisms (SNPs) in 700 patients with incident disease. All of the SNPs genotyped in the 50 DNA repair genes were non-synonymous SNPs (nsSNPs), altering the encoded amino acid sequence thereby having the potential to affect the function of expressed proteins directly.
RESULTS
The median survival time (MST) for the 700 patients was 16.7 months. Factors significantly influencing patient prognosis were stage at presentation (P , 10 25 ), smoking (P ¼ 0.02), sex (P ¼ 0.02) and radiotherapy (P ¼ 3.0 Â 10 24 ). Patients with SCLC had a MST of 20.4 and 11.4 months if diagnosed with limited and extensive disease, respectively. For NSCLC, MST ranged from 11.9 months in stage IV patients to 49.2 months in the stage I group. As these survival rates are not significantly different to those documented in previously published audits of lung cancer prognosis (Cancer Research UK, http://www.cancerresearchuk.org/aboutcancer/statistics), there is no evidence that 'healthy study participant' selection will have biased our analyses. Although administration of platinum-based chemotherapy and family history of lung cancer were associated with prognosis, they did not significantly affect survival when correction was applied for stage, radiotherapy, smoking and sex.
Relationship between SNP genotypes and prognosis
Patients were genotyped for a total of 109 nsSNPs mapping to 50 DNA repair genes [base excision repair (BER): APEX1,  EXO1, MBD4, MUTYH, OGG1, SMUG1, TDG, XRCC1,  POLB; NER: CCNH, ERCC2, ERCC4, ERCC5, ERCC6,  LIG1, MMS19L, POLD1, POLE, RAD23B, XPC; mismatch  repair: MLH3, MSH3, MSH4, MSH5, MSH6, PMS1, PMS2 ; direct reversal of damage: MGMT; homologous recombination genes: BRCA1, BRCA2, RAD52, XRCC2; non-homologous end-joining: XRCC4; genes defective in diseases associated with sensitivity to DNA damaging agents: ATM, BLM, FANCA FANCD2, FANCE, WRN; other conserved DNA damage response genes, ATR, CHEK1, HUS1, HUS1B, RAD1, TP53BP1; other DNA polymerases: POLH, POLI, POLL, POLQ, POLR3B]. Supplementary Material, Table S1 details each of the nsSNPs.
Fifty-nine of the 109 SNPs genotyped had minor allele frequency (MAF) of 5% or higher, 15 were observed at comparatively low frequencies (i.e. having MAF ,1%). Three sets of SNPs (D693N and S1040N mapping to BRCA1 and M1097V, R1213G;Q1413R mapping to ERCC6 and I143V and K178R mapping to MGMT ) were in strong linkage disequilibrium (LD; i.e. r 2 . 0.9), hence findings for these loci are highly correlated. For each SNP, the relationship between genotype and overall survival (OS) obtained from Cox regression analysis is summarized in Supplementary material, Table S1 . Overall, 15 SNPs displayed an association with OS (Table 1) , greater than that expected simply by chance (P ¼ 0.04; accounting for LD between SNPs). None of the SNPs displayed significant interactive effects with platinum treatment but for informatively we computed HRs for individual SNPs separately using data from the 456 patients treated with platinum-based chemotherapy (Supplementary material, Table S1 ). For purposes of clarity, we have restricted our commentary to the pathways for which polymorphic variation in at least one SNP was associated with OS.
BER genes
BER is one of the principle DNA repair pathways that correct simple DNA base lesions, such as the products of deamination, oxidation and alklyation. Under the Cox proportional hazards model, homozygosity for the apex nuclease (APEX1) D148E variant genotype was significantly associated with a poorer OS (HR ¼ 0.74; 95% CI: 0.56 -0.97; DNA polymerase beta (POLB) also participates in BER. Carrier status for the P242R variant of POLB was associated with a poorer prognosis (MST of 12.0 months compared with 16.2 months; HR ¼ 1.73; 95% CI: 1.10 -2.72). Polymerase Q (POLQ) introduces mutations at C/G by replicating over abasic sites generated by uracil-DNA glycosylase, and hence has an indirect role in BER. One of the three SNPs mapping to POLQ, T1117R displayed an association with OS; homozygosity being associated with a better prognosis (HR ¼ 0.67; 95% CI: 0.48-0.94; MST 23.4 months compared with 17.3 months). 
Continued
The association between EXO1 E589K, POLQ T1117R and POLB P242R variants and OS remained significant in patients treated with platinum-based chemotherapy (Table 1) .
NER genes
NER is the major cellular system that repairs primarily bulky DNA adducts caused by mutagens, and guaninecisplatinium adducts formed during chemotherapy. The excision-repair, complementing defective, in Chinese hamster, 5 (ERCC5; XPG) SNP D1104H was associated with OS under a recessive model. Patients homozygous for the ERCC5 1104H genotype had a significantly poorer OS (HR ¼ 1.92; 95% CI: 1.24 -2.98). In Kaplan -Meier analysis, individuals with the wild-type genotype had a MST of 24.5 months, whereas the MST was 17.8 and 14.7 months in patients hetero-and homozygous for D1104H variants, respectively (P ¼ 0.15; Fig. 3 ). The impact of ERCC5 D1104H was most marked in patients receiving platinumbased chemotherapy (Table 1) .
Four of the five SNPs mapping to excision-repair crosscomplementing, group 6 (ERCC6) were associated with differences in OS, but 3 (M1097V, R1213G, Q1413R) were in strong LD. For these SNPs, there was a relationship between heterozygous genotype and survival but not with homozygosity for the rare variant, lessening the validity of the observed association. Carrier status for ERCC6 399D was associated with poorer prognosis (HR ¼ 1.27; 95% CI: 1.03 -1.57; MST 12.0 months compared with 16.2 respectively, P ¼ 0.18). For repair of nuclear DNA, NER utilizes DNA polymerase delta and eplison (POLD and POLE). While none of the SNPs mapping to POLD were associated with lung cancer prognosis, carriers of the POLE A252V had significantly poorer OS (HR ¼ 2.79; 95% CI: 1.23 -6.33) although this finding was based on observations from only eight individuals. In Kaplan -Meier analysis, individuals with the wild-type genotype had a MST of 16.2 months, whereas the MST was 12.0 months in A252V carriers (P ¼ 0.18).
Other genes associated with lung cancer prognosis
Other SNPs displaying an association with lung cancer prognosis included those mapping to the Blooms (BLM ) and Werner syndrome (WRN ) genes, both DNA helicases that interact with human topoisomerases. Carriers of BLM P868L had a poorer prognosis (HR ¼ 1.27; 95% CI: 1.01 -1.59; Table 1 ; MST of 14.4 months compared with 15.8 months in wild-type homozygosity, respectively; P ¼ 0.07; Fig. 4) . Similarly, carriers of WRN T324A also had a poorer prognosis (HR ¼ 3.25; 95% CI: 1.19-8.92; MST of 6 months compared with 16.7 months, P ¼ 0.08), albeit based on only six obervations. The other SNP displaying an association with prognosis was H130Q mapping within hydroxyurea-sensitive 1 s. pombe, homolog of b (HUS1B); with homozygosity for 130Q being associated with a 1.32-fold poorer prognosis (95% CI: 1.06-1.65; Table 1 ; MSTs 12.8 and 17.6 months, respectively).
Analysis restricted to the patients receiving chemotherapy provided evidence that variation in a number of other DNA repair genes influence prognosis with significant associations being identified between BRCA2 R2034C and FANCE A250T, and OS (Table 1) . While the association between BRCA2 R2034C and OS was based on small number of observations, the association with FANCE A502T appears relatively robust.
DISCUSSION
Major strengths of our study are its large size, the fact that it is population-based and has involved the systematic follow-up of patients. We are however, mindful that ideally studies aimed at identifying prognostic markers should be conducted within the context of a clinical trial to limit possible bias. Although bias from non-uniform treatment is a potential confounder in studies of some tumours, the management of lung cancer is relatively uniform in the UK, as there are only a restricted number of chemotherapeutic agents and prognosis is uniformly poor. Support for this assertion is provided by the fact that survival rates observed in our patient cohort were not different with those expected. It therefore seems unlikely that any spurious influences as a consequence of study design will have impacted significantly on our findings. It is well known that the allele frequencies of many SNPs vary among different populations and that population substructure can impact on association results. As our analysis was restricted to white UK patients our study findings are unlikely to be confounded by population stratification (14) .
Across all patients, we identified associations between survival and variation in a number of DNA repair genes. The observation that associations were principally with variants of BER and NER genes rather than other DNA repair pathways suggests the statistically significant associations were not random. Although there are differences in the biology of NSCLC and SCLC, the impact of variants on prognosis was independent of histology suggesting effects are generic. Our observation that polymorphic variation in the NER and BER genes influences cancer prognosis is not without precedent. Polymorphic variation in the NER genes has been previously reported as a predictor of OS in advanced lung cancer (15) (16), and polymorphic variation in XRCC1 has been reported to influence survivorship (17) . Outside the context of lung cancer, variation in ERCC5 defined by D1104H has been previously reported to be associated with less favourable prognosis in oesophageal cancer (18) . Associations identified between variants of WRN and BLM and prognosis are intriguing as case reports have implicated these as susceptibility genes for lung cancer (19, 20) . Furthermore, mechanistically it is noteworthy that the BLM and WRN helicases can be considered to operate counter to BER.
The nature of our study precluded us from formally evaluating SNPs in relation to response to radiotherapy as this was only administered to a small number of patients. Our dataset did, however, allow us to examine the relationship between OS in over 400 patients receiving platinum therapy. Nucleotide excision is the major pathway involved in the removal of platinum adducts and repair of DNA damage. It has a broad specificity, and no differences have been observed in the excision of adducts induced by cisplatin and structurally diverse platinum-based drugs, such as carboplatin (21) . It is therefore intuitive that polymorphic variation in NER-related genes affecting NER functional capacity may predict response to platinum chemotherapy and hence OS. Certainly our data provides a measure of support for such a hypothesis. Similarly, the FA/BRCA pathway regulates the cellular response to cisplatinum and other DNA cross-linking agents (22) and it is noteworthy that we observed an association between variants of BRCA2 and FANCE genes and OS in patients treated with platinum.
Although we have evaluated only nsSNPs with a higher probability of being directly causal, we cannot exclude the possibility that some associations are a consequence of LD. For a number of variants, we identified as impacting on OS there is, however, evidence that they have direct functional effects. The D1104H variant of ERCC5 has been shown to be associated with increased single-strand breakage in lymphocytes (23) . For other variants such as EXO1 E670G, ERCC6 R1213G, POLB P242R, POLQ T1117R, BLM P868I and HUS1B H130Q, the only evidence for functionality is provided by bioinformatics analyses. Although predictions about the functional consequences of amino acid changes are not definitive, algorithms such as Sifting Intolerant from Tolerant (SIFT, http:// blocks.fhcrc.org/sift/SIFT.html) and Polymorphism Phenotyping (PolyPhen, http://www.bork.embl-heidelberg.de/PolyPhen/) have been demonstrated in benchmarking studies to successfully categorize 80% of amino acid substitutions (24) .
Despite the strong biological plausibility and consistency with literature for several individual associations as discussed herein, some of these associations may be false positives as a result of the inherent pitfalls of the approach. Specifically, there is the issue of adjustment for multiple comparisons. We assessed 109 polymorphisms in 50 genes so a conservative adjustment would dictate that we adjust all associations for 109 comparisons. However, because more than one polymorphism was tested in some genes, the results are not independent; therefore for SNPs mapping to EXO1 the statistical threshold for global significance is 0.0002. Clearly, at this level the P-values associated with individual SNPs within this gene are not globally significant. Combined analyses of multiple variants in the same gene or pathways are theoretically less affected by the issue of multiple testing. While this strategy was productive with respect to multiple SNPs in EXO1, no further significant pathway/gene associations were observed when applied to other loci.
The magnitude of any difference in prognosis associated with individual SNPs is likely to be at best modest. Hence, stipulating significance levels of 10 24 or less for an analysis to have 80% power to demonstrate a 5% difference in survival, which is clinically relevant, would require at least 4800 patient samples to be analysed even if the frequency of the at risk genotype is 50%. For less frequent genotypes, samples sizes would be impossibly large. On this basis, the imposition of very stringent P-values is questionable creating the serious issue of generating a raft of type II errors (25) .
Irrespective of the degree of statistical support for individual SNPs, the observation that the SNPs associated with OS map to a restricted set of pathway genes provides a measure of robustness to our findings. Genetic markers such as those we have identified are unlikely to replace conventional markers. They do, however, have potential to assist in distinguishing different outcome patterns among patients with the same-stage disease as 5 -10% differences in prognosis are relevant in lung cancer. Furthermore, our findings provide additional insight into the biological determinants of response to treatment and prognosis, thereby opening up the possibility of a rational, targeted approach to cancer treatment based on a combination of genotype and tumour characteristics of an individual.
MATERIALS AND METHODS

Patients
The current study is based on 700 patients with lung cancer ascertained through the Genetic Lung Cancer Predisposition Study (GELCAPS) a population-based study of lung cancer. Further details about the design and conduct of the study are described in previously published material (26) . Briefly all incident lung cancer cases over the age of 18 years, diagnosed between March 1999 and July 2004, referred to 140 clinical centres were eligible for entry into GELCAPS. Upon completion of study recruitment, 30 of the participating centres provided clinical details on the outcome of the recruited lung cancer patients. A standardized proforma was used to collect information on diagnosis, stage, treatment and survival. Records were requested based on their date of accrual, with those accrued at the beginning of the study being requested first. Follow-up data completeness was 88% with mean follow-up time of 16.75 months (range, 0-66.3 months). During the follow-up time there were 455 (65%) deaths in the cohort. All patients were self-reported as having white ethnicity. The mean age at diagnosis in patients was 64.2 years.
A total of 175 patients had SCLC (25%), somewhat less than half (43%) of these presenting with limited disease. Of the 525 patients with NSCLC, 13% had stage I, 14% had stage II, 43% had stage III and 29% had stage IV disease at presentation. All patients with limited stage SCLC received chemotherapy, the majority being treated with a combination of radical radiotherapy (60%) and platinum-based chemotherapy (88%). The main treatment modality for SCLC patients with extensive disease was primarily platinum-based chemotherapy (91%) with only a restricted number receiving radical radiotherapy (12%). Patients with early stage NSCLC (stage I and II disease) were mainly treated with surgical resection of the primary tumour (57%), while about one-third received chemotherapy, primarily platinum-based (32%) and radical radiotherapy (38%). Chemotherapy was the mainstay treatment modality for patients with stage III and IV NSCLC mainly with platinum-based agents (66 and 70%, respectively).
Ethical approval for the study was obtained from the London Multi-Centre Research Ethics Committee (MREC/ 98/2/67) and relevant local ethical committees in accordance with the tenets of the Declaration of Helsinki. All patients provided informed consent.
Selection of candidate genes, SNP selection and genotyping
SNPs mapping to DNA repair genes were identified by interrogation of a database of potential functional SNPs and published work on resequencing of DNA repair genes (27, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db ¼ http:// www.icr.ac.uk/cancgen/molgen/MolPopGen_PICS_database. htm;). To predict the putative impact of missense variants on protein function, we applied two in silico algorithms, PolyPhen (http://www.bork.embl-heidelberg.de/PolyPhen/) and SIFT (http://blocks.fhcrc.org/sift/SIFT.html). PolyPhen predicts the functional impact of amino acid changes by considering evolutionary conservation, physicochemical differences and the proximity of the substitution to predicted functional domains and/or structural features (27) . PolyPhen scores were designated probably damaging, possibly damaging, potentially damaging, borderline or benign according to the classification proposed by Xi et al. (24) . SIFT predicts the functional importance of amino acid substitutions based on the alignment of orthologous and/or paralogous protein sequences. SIFT scores were classified as intolerant, potentially intolerant, borderline or tolerant according to the classification proposed by Xi et al. (24) and Ng and Henikoff (28) . Genotyping was conducted by means of Illumina Sentrix Bead Arrays (Illumina, San Diego, USA) or via Taqman technology implemented on ABI700HT platform (Applied Biosystems, Foster City, USA) according to manufacturers' protocols (details on request).
Statistical methods
OS of patients was the end point of the analysis. Survival time was calculated from the date of diagnosis of lung cancer to the date of death. Patients who were not deceased were censored at the date of last contact. Median follow-up time was computed among censored observations only. Cox regression analysis (29) was used to estimate HRs while adjusting for age, sex, treatment, histology, family history, smoking and stage. Platinum and surgery did not satisfy the proportional hazards assumption required for the Cox model. Therefore, we used a stratified Cox proportional hazards model, stratifying on platinum and surgery. Likelihood ratio testing for the inclusion of covariates and interaction terms was performed to determine the best-fitting model. For each SNP, HRs were generated using common allele homozygotes as the reference group. For polymorphisms with fewer than five minor allele homozygotes, minor allele homozygote genotypes were combined with heterozygotes. The Kaplan -Meier function (29) and log rank tests (29) were used to assess OS in relation to individual polymorphisms. In addition, we evaluated OS as a function of the number of 'risk alleles' involved in each gene or DNA repair system. In this analysis, risk was trichotomized into low, medium and high-risk categories on the basis of individuals carrying ,3, 3 -4 and .5 risk alleles. Due to the exploratory nature of this study, we report nominal statistical associations. All statistical analyses were undertaken using S-Plus (Version 8, Insightful Corporation, USA). To assess the level of LD between SNPs, we calculated the pair-wise LD measure r 2 between markers mapping to the same gene using a Markov chain Monte Carlo approach implemented in PHASE (30) . The power to demonstrate a relationship between SNP genotype and OS was estimated using sample size formulae for comparative binomial trials (31) .
